Active galactic nuclei with flat radio spectra exhibit significant variations of continuum flux density on time scales of days or less throughout the entire wavelength range. These rapid variations dghtly constrain the diameters of the emitting regions and imply extremely high photon densities if the variations are intrinsic. At radio frequencies the flux densities of compact objects may flicker due to interstellar scintillation, and in all frequency bands microlensing by stars in intervening galaxies may introduce variations that are not intrinsic to the source. We review the characteristics of these variations in the various electromagnetic bands. Extrinsic mechanisms may affect the light curves of compact extragalactic sources, but close correlations between flares recorded in different bands strongly support the assumption that intraday variability is an intrinsic phenomenon.
INTRODUCTION
Emissions from radio-loud active galactic nuclei (AGN), which are produced predominantly through nonthermal processes, vary on time scales from years to less than a day in all frequency regimes. Causality arguments limit the radius of the emitting region to r < c. At, with the light travel time At corresponding to the time scale of variations. Variations on time scales of a day thus provide constraints on the source structure on linear scales smaller than the Solar System.
Variability in AGN has been reviewed in this series by Kellermann & PaulinyToth (1968 and Stein et al (1976) . Further reviews by Altschuler (1989 Altschuler ( , 1990 , Bregman (1990) , , Wagner & Witzel (1992) , Wiita and Melrose (1994) have incorporated the considerable information gathered in the meantime. This review concentrates on intraday continuum variations in radio-loud AGN. Most of the sources have been classified as an HPQ (Highly Polarized Quasar), OVV (Optically Violently Variable), or as a BL Lac object. These classes are often collectively addressed as blazars, following the suggestion of E Spiegel at the Pittsburgh Conference on BL Lac objects (Wolfe 1978) . Angel & Stockman (1980) describe the properties of blazars. Recent reviews are given by Kollgaard (1994) and in various contributions to related conferences (Maraschi et a11989, Valtaoja & Valtonen 1992) , the latter focusing entirely on blazar variability.
To illustrate the scales probed by fast variability one may compare them to the corresponding angular scales obtained with the resolution ofinterferometric imaging. We assume redshifts z to be cosmological and use Ho = 50 km s -1
Mpc -1 , q0 = 0.5 for all calculations. For a source at z = 1.0, observed time scales of 50 h correspond to intrinsic time scales and diameters of 25 h and 3 x 1015 cm (i.e. 10 -4 mas) respectively. Ground-based VLBI has successfully achieved resolutions of 1 mas and 0.05 mas at 5 and 90 GHz respectively, corresponding to 8.6 and 0.4 pc at z = 1.0. VLBI observations have not yet resolved any blazar cores, but give upper limits to the diameters of < 50--100p~as (i.e. 1 pc at z = 1.0). It is important to note that the small diameters inferred from the time scales do not necessarily imply a central location of the emitting plasma.
We cover only rapid intensity variations (as defined below) and refer reviews by Altschuler (1989 Altschuler ( , 1990 and Bregman (1990) for discussions of variability. We do not discuss structural variability, which has been addressed by e.g. Witzel (1992) and Readhead (1993) and in dedicated conferences (Zensus & Pearson 1987 Zensus & Kellermann 1994) . We also exclude the rapid variations of Seyfert galaxies seen in the X-ray, UV, and optical regimes. Although our survey of the literature extends to August 1994, some preprints and PhD theses have been included, where appropriate, prior to publication. After introducing some definitions, we begin with a few historical remarks. We then discuss the state of observational results in the next section. The following two sections address extrinsic and intrinsic mechanisms to explain rapid variations. We close by sketching some implications and future trends. time scales in the observers' frame as being less than 50 h), because redshifts of several sources are still unknown, prohibiting a conversion of observed time scales tobs into the source frame tsouree = tobs/(1 + Z).
Variability time scales have been defined in different ways. Typical investigations of rapid variations are rarely long enough to probe the entire range of temporal frequencies of the power spectrum. Both the most common definition of the variability time scale t It = F/(IAF/Atl), where F is the flux density] and the more conservative approach (t = IAt/A In FI) (e.g. Burbidge et al 1974) have the advantage of weighting fluctuations by their amplitude. In cases of small amplitudes we do not use extrapolations but refer to the interval between subsequent minima and maxima. This requires sufficiently dense sampiing with atime step no longer than half the shortest time scale. A conservative approach ignoring individual outliers is appropriate.
Using time scales as a measure of the size of the source, the observed flux may be converted into photon densities or a brightness temperaturē 2
Tb=(4"5× lol°K'F[tob:~ld-+ "z)]
where the flux density F, wavelength L, distance d, and time scale t are measured in Jy, cm, Mpc, and days, respectively. IDV in radio-loud sources has only been seen in objects with flat spectra, i.e. So ~x v a, ot > -0.5. We follow the nomenclature of radio terminology: The term "low-frequency variability" (LFV) is used for radio variability at frequencies below 1 GHz with typical time scales of months to years and amplitudes in the range of 3-30%. The term ~'flickering" refers to a stochastic variation. In the radio regime, flickering has a typical time scale of days to weeks and amplitudes of a few percent (Heeschen 1984) . "ESE" (extreme scattering events) radio flares with high amplitudes of up to 100% and a characteristic frequency dependence. These typically show a minimum bracketed by maxima on either side (Fiedler et al , 1994 .
Historical
Remarks Variability in AGN ha~ served as a tool to investigate the emission processes in these objects since the ¯discovery of quasars. Matthews & Sandage (1963) derived the first size dstimates of the emitting regions from observations of variable optical intensitieS. Causality arguments constrained these sizes to be smaller than several lightweeks (deduced from the variability time scales known at that time). This implied high energy densities and immediately ruled out a stellar (i.e. fusion powered) origin of the optical luminosity. Subsequent observations found intraday variations in 3C 279 (Oke 1967) . Following the initial identification of the radio source VRO 42.22.01 with the "variable star" BL Lac (Hoffmeister 1929 , Schmitt 1966 ), similar radio sources were found be violently variable (DuPuy et al 1969, Strittmatter et al 1972) on time scales from days to months. Biraud (1971) identified AP Lib as a BL Lac object and using measurements from Ashbrook (1942) reported variability on time scales of about a day (cf Miller et al 1975) . Rapid variations were soon found be a frequent phenomenon in quasars and BL Lac objects (cf Kinman 1975) . Typical variabilities were on a time scale of the order of days, but there were reports of even faster changes down to time scales of hours and minutes (e.g. Racine 1970 , Bertaud et al 1973 , Miller et al 1975 , Grauer 1984 . IR variations were reported by Epstein et al (1972) and Rieke et al (1976) . Early multicolor data had indicated that the color-luminosity relationship found on long time scales (sources getting redder during periods of decreasing flux) is also valid for intraday variations (Racine 1970 , Bertaud et al 1973 , Andrews et al 1974 . Rieke et al (1977) reports intraday polarization variability in O1090.4.
In the radio regime, the discovery of variations in the intensity of the emission of extragalactic objects by Sholomitskii (1965) and Dent (1965) showed the synchrotron radiation results from a nonstationary emission process. These variations implied that the photon densities in the sources were so high that Compton scattering of the relativistic electrons with the low-energy photons emitted by them would quickly lead to catastrophic cooling and unobserved high X-ray fluxes (Hoyle et al 1966) unless the objects were close by. This led to the suggestio n of bulk relativistic motion (Rees 1966 , Woltjer 1966 . VLBI observations proved the existence of the postulated compact regions, and the apparent superluminal motion that was found gave direct observational evidence for the existence of relativistic motion.
Based on their radio spectra, variations in quasars were attributed to plasmons that are initially opaque at long wavelengths and become transparent at higher frequencies. Subsequent adiabatic expansion with constant magnetic flux increases the transparency of the cooling cloud. While becoming optically thin the plasma emits most of its radiation in the expanding "photosphere" where the optical depth r approaches unity (Shklovsky 1962 , Pauliny-Toth Kellerman 1966 , van der Laan 1966 . These models implied that the volumes emitting at radio frequencies must be larger than a few lightweeks (about 1016 cm) and could thus not show intrinsic variability on time scales as short as those present at shorter wavelengths. The long-term radio variations were actually found to be correlated in the optical/IR/radio bands with significant time lags (months) (e.g. Bregman et al 1990) , indicating that the radio emission largely comes from a different, much more extended volume (cf Bregman 1990) .
Radio variability on time scales of 2 days was observed at cm and mm frequencies as early as 1971 (Kinman & Conklin 1971 , Andrew et al 1971 . Kinman & Conklin (1971) , Hackney et al (1972), and Andrew et al (1974) found probable correlations between variations in the.radio regime and optical range on time scales of days and months, respectively, in OJ 287 and BL Lac. MacLeod et al (1971) confirmed rapid radio flares in BL Lac but could not www.annualreviews.org/aronline Annual Reviews confirm any correlations with optical variability. In a statistical investigation, only a few cases showed possible correlations with short lags (Balonek 1982) . Shapirovskaya (1978) attributed variability at low frequencies to propagationinduced effects, i.e. refractive interstellar scintillation, similar to the LFV phenomena found by Hunstead (1972) and later studied extensively by e.g. Fanti et al (1983) . Low-amplitude variability on time scales of weeks was found in many compact extragalactic radio sources (Heeschen 1984) . Heeschen Rickett (1987) also explained this flickering by refractive scattering effects the interstellar medium. The search for flickering on shorter time scales led to the discovery of rapid intensity variations in extragalactic radio sources on time scales shorter than or comparable to a day (Witzel et al 1986 , Heeschen et al 1987 . confirmed IDV for a larger sample of compact, fiat-spectrum radio sources (Figure 1 ).
Variations on intraday time scales have also been established in the X-ray regime (Snyder et al 1980) . Variations on time scales of minutes suggested that the X-ray emission is beamed relativistically as well. Changes in radio-loud sources were successfully modeled in inhomogeneous jet-models with a radial change in cut-off frequency (George et al 1988) . Quirrenbach et al 1989b , Krichbanm et al 1992 . The errors are smaller than the size of the symbols. In addition to 10% variations on a time scale of about 1 day, fast (undersampled) changes occur, The reality of spikes (as on JD 2447331.1) has been proven by independent observations from different telescopes.
www.annualreviews.org/aronline Annual Reviews Many early reports about rapid variability were received with skepticism. Instrumental instabilities (Beall et al 1988) and the inherent nonrepeatability time-critical observations require independent confirmations of rapid variations. Independent measurements with different telescopes and instruments or truly simultaneous observations of constant calibrators , Wagner 1991 have now clearly demonstrated the reliability of changes on time scales of hours.
The reproducible detections of IDV triggered a new debate about the origin of this type of variability. The most detailed models for the explanation of radio variations are based on the scenario of shocks propagating within the jet plasma (e.g. Ktnigl & Choudhuri 1985 , Marscher 1992 , Hughes et al 1989 . As the models were originally suggested for slow variations, shorter time scales could only be explained for optically thin regions if the shocks enter turbulent regions. Source-intrinsic radio IDV seemed implausible owing to the implied high values of the brightness temperatures Tb, which are far in excess of the "Compton limit" (Kellermann & Pauliny-Toth 1969) .
Extrinsic (propagation-induced) variability, such as interstellar scintillation (ISS) in the low-frequency regime and gravitational microlensing (e.g. Paczyfiski 1986 ) have been suggested, although no dependence for the IDV on the galactic latitude could be established . Also, the frequency dependence and polarization characteristics could not easily be explained by ISS.
To discriminate against refractive interstellar scattering (RISS), simultaneous optical and radio campaigns were organized since RISS only affects low frequency radio radiation.
RESULTS

IDV Across the Electromagnetic Spectrum
Flat-spectrum radio sources have very broad energy distributions and emit comparable power per logarithmic bandwidth over a ver_y wide range in frequency. The energy distributions hardly show any humps, which is generally taken as an indication of a unique emission mechanism. One would hence expect variations to be observable over a wide range in frequencies as well. Below, we summarize rapid variability in the various frequency bands.
GAMMA-EMISSION The gamma-ray regime has become accessible with the advent of the Compton Gamma Ray Observatory (CGRO). One of the early results was the discovery that most of the sources detected at energies of 100 MeV to 1 GeV are radio-loud objects. The all-sky survey led to the discovery of 25 blazars , most of which are known to be intraday variable sources in the optical and radio regimes. Conversely, a large fraction of the prominent radio-IDV sources (e.g. 0716 + 714, .0804 + 499) are strong emitters of high-energy gamma rays. For many of them the gamma-ray www.annualreviews.org/aronline Annual Reviews Flares may even occur at higher photon energies. Mkn421 was claimed to have exhibited a factor of 2.3 increase within 24 h at 1 TeV (Kerrick et al 1995) .
www.annualreviews.org/aronline Annual Reviews While none of these blazars were detected from low-energy gamma rays, the radio galaxy Cen A has been seen to vary on time scales of 12 h by as much as 50% in the 50-500 keV band (Kinzer et al 1994) .
x RAYS Rapid variations of AGN have frequently been reported in the Xray regime, where radio-loud and radio-weak objects have shown substantial variations on time scales shorter than one day. Rapid X-ray variability in Seyfert galaxies is different from that of blazars in its spectral and temporal characteristics. These characteristics are reviewed by Mushotzky et al (1993) and are not discussed here.
In contrast to the variability characteristics of emission-line AGN, the rapid X-ray variability of blazars has usually been described by low-amplitude fluctuations around a steady mean with occasional flares (but no sudden drops) superposed (Giommi et al 1990) . As seen in the EXOSAT long exposures, BL Lac objects spend only 10% of their time in spectacular flares; the rest of the time they stay within a 50% range of their long-term average. Only a few studies have been carded out for a sufficiently long time to show oscillatory variations with smooth trends on time scales of about a day, similar to the behavior seen at lower frequencies (Snyder et al 1980) . These have been reported in 0716 + 714 by Wagner (1992b) and and studied in detail in PKS 2155-304 by Brinkmann et al (1994) . Spectral variability is rare within the soft range probed in the recent ROSAT PSPC studies, but has been seen in the EXOSAT and GINGA observations. The variability amplitude is larger at higher photon energies, implying a spectral hardening during flares (Giommi et al 1990 , Sambruna et al 1993 . The scatter around a linear relationship between intensity and spectral index is larger than the errors. In well-studied cases a more complex spectral evolution has been found. Using all of the high quality data of rapid X-ray variability of blazars taken by GINGA, Tashiro (1994) suggests systematic spectral evolution with time in the 1-10 keV band. He finds that the sources first become brighter and then get a flatter spectrum with a delay comparable to the rise time before the source becomes fainter and, again delayed by several hours, regains a steeper spectrum. He derives a soft lag of about 1.2 h. Studies of PKS 2155-304 by Sembay et al (1993) using GINGA in the 2-45 keV band and observations of Mrk 421 by Thomas & Fink (1994) , however, indicate a more complex evolution.
The power density spectra are not sampled sufficiently well to decide whether the oscillatory variations are related to the fast flickering that occurs within a few hours or less. Both phenomena occur in the same objects (e.g. PKS 2155-304, 0716 ÷ 714) . Early reports about variations on very short time scales (1 s) Agrawal & Riegler (1979) were not confirmed in later experiments by Snyder et al (1980) . Variations on time scales of 30 s were found by Feigelson et (1986) Wagner et al (1995c) (a 60% increase within 500 s). The variations those four objects (including the radio-weak H0323 + 022 and PKS 2155-304) are so fast that relativistic beaming of the X-ray emission is required in order not to violate the Eddington limit (Elliot & Shapiro 1974) . The extremely fast changes may be related to the injection and acceleration of particles (e.g. Lesch 1992 , Kirk 1992 , Kirk & Mastichiadis 1992 .
uv Ultraviolet-variability has been studied from short campaigns and from combined, unrelated observations on longer time scales. Blazar measurements were compiled by Edelson (1992) . Maraschi et al (1986) reported variations PKS 2155-304 and OJ 287 on time scales of 1 and 2 days, respectively. Edelson et al (1991) reported variations of PKS 2155-304 on time scales of a few hours in the 1600-2600/~ band. Evidence for spectral variations remained marginal in most IUE campaigns. Low-amplitude variability (15%) on time scales 0.04 dayswas found in the far UV at 100/~ by Marshall et al (1993) . Urry et al (1993) discuss quasi-periodic (-'~0.7 d) oscillations in PKS 2155-304, reminiscent of the behavior of 0716 + 714 in the radio and optical regimes, and suggest spectral evolution with a lag between 1400 to 2800/~ shorter than the sampling interval. Again, an increase in flux is accompanied with (delayed) spectral hardening.
OPTICAL Early monitoring efforts on short time variations have been reviewed by Kinman (1975) and Angel & Stockman (1980) . For long-term monitoring campaigns see e.g. Webb et al (1988) . Moore et al (1982) found photometric and polarimetric variations of BL Lac over a period of one week, with 0.1 mag variations throughout individual and between subsequent nights.
PKS 2155-304 showed oscillations of about 1 day (Smith et al 1992 , Courvoisier et al 1995 . In four-week campaigns, 0954 + 658 showed welldefined, rapid and symmetric flares with exponential slopes (Wagner et a11993), whereas 0716 + 714 exhibited oscillatory variations (Wagner 1991) .
With few exceptions (e.g. PKS 2155-304; Smith et al 1992) , BL Lac objects show spectral changes (toward the blue) during brighter stages (but see Miller 1981) . Miller et al (1989) , Carini (1990) , and Carini et al (1990) report flares time scales of a few hours (down to rise times of 10 min in 0.05 mag flares). Searches for periodicities are discussed below.
Xie et al (1994 and references therein) studied intraday variations in miscellaneous BL Lac objects and radio-loud quasars. Heidt & Wagner (1995) find optical IDV in 80% of the sources in a complete sample of BL Lac objects (Stickel at al 1991) . While time scales do not correlate with luminosity redshift, the fractional IDV-amplitudes increase with luminosity.
www.annualreviews.org/aronline Annual Reviews There is only a little evidence for rapid variations in radio-quiet QSOs (e.g. Gopal-Krishna et al 1993) and steep-spectrum radio sources. Lyutyi et al (1989) , Dultzin-Hacyan et al (1992) , and Miller & Noble (1994) found variations in radio-weak Seyfert galaxies. It is unclear whether this is related to the rapid variations in radio-loud objects, or whether it represents the high (temporal) frequency end of the continuum variations in Seyfert galaxies that are related to thermal variability of the accretion disk.
The polarization properties and their temporal variations have been reviewed by Angel & Stockmah (1980) and Saikia & Salter (1988) . The polarization OVV and BL Lac objects is generally high (>3%). Variability of polarization the optical domain has been found for almost all well-studied, rapidly variable blazars. Total and polarized flux are not correlated (Smith et al 1992) . The existence of preferred polarization angles is controversial. Hagen- Thorn & Yakovleva (1987) concluded that preferred polarization angles are visible during quiescent periods, while the overall polarization during active periods varies randomly. The ratio of steady polarized flux (probably from the more extended jet component) to variable polarized flux during outbursts dictates the chances of discovering preferred polarization angles in individual sources. Moore et al (1982 Moore et al ( , 1987 have investigated polarimetric variations in Lac down to time scales of a few minutes. They conclude that the path in the Stoke s plane is generally a random walk down to time scales of 30 min. They were also able to trace a fast swing in the Stokes plane (and back). Similar observations in other sources imply that the random-walk characteristics may be due to undersampling of rapid polarization variability.
Spectral variations of the polarization and the polarization angle as well as temporal variation of the frequency dependence of the polarization have also been reported (e.g. Holmes et al 1984) . For additional references, see Saikia Salter (1988) . Further work on variations of frequency-dependent polarization have been reported by Takalo (1991) , Mead et al (1990) , and Sillanp~i~i et (1991) .
IR Extensions of optical studies to the near infrared show similar amplitudes and time scales, and in some cases a trend of sources getting bluer as they brighten (e.g. Lorenzetti et al 1990 , Kidger et al 1994 .
Reports of very rapid (1 min) IR flares could not be confirmed (Wolstencroft et al 1982; A Sillanp/iii, private communication Kikuchi et al 1973 , Dreher et al 1986 , de Bruyn 1988 . The observations up to 1980 are discussed in Epstein et al (1980) . Simonetti et al (1985) reported the most rapid low-frequency variability. Witzel et al (1986) and Heeschen et al (1987) established radio IDV frequent phenomenon among the sources from the S5-radio sample (Kiihr et al 1981a) . This sample is confined to a small region on the sky (3 > 70°), but an extension to a larger range of galactic coordinates showed no dependence on bn . Subsequent efforts of the Bonn group focused on the complete sample of 75 flat-spectrum sources from the 1-Jy catalog (Kiihr et al 1981b) , which are north of 3 = 30° (Wagner & Witzel 1992 , Wegner 1994 . Of these, 47 have thus far been monitored for IDV, at least once. Thirteen additional objects, selected as IDV candidates based on compactness have been added. Repeated observations have been performed for 17 of the 18 sources north of 60° (0454 + 844 is missing because it has been too weak during the last ten years). Below, we summarize the observational status of this project. IDV prevails in objects containing 80% of their flux density in a central region, which is unresolved even on milliarcsecond-scales. Multi-epoch observations have shown that IDV seems to occur repeatedly during a time span of at least six years, whereas the amplitude of variations may change (e.g. Witzel 1992 ).
The first-order structure function of the variations
where the average is taken over pairs with timelag r and [e(t)
is the residual flux density, can be used to distinguish between two types of variable objects: Type I varies on scales significantly longer than 50 h and type II varies on scales less than 50 h (Heeschen et al 1987) . About 25% of the compact fiat-spectrum radio sources can be expected to exhibit type II IDV in the radio regime, while one third will not vary . The largest amplitudes (up to 35%) in this sample were found in 0804+499 6 cm wavelength . 0716 + 714 and 0917 + 624 varied at the 10-20% level in the cm-regime (Witzel 1992) . The highest variability amplitudes found to date (45%, with a time scale of 2.5 h) were claimed Romero et al (1994) for the blazar 0537-441 at 21 cm wavelength.
0917 + 624 and 0716 + 714 show quasi-periodic oscillations. Transitions from one dominant IDV time scale to another were found in 0716 + 714 (e.g. Quirrenbach et al 1991) . The fastest changes have been seen in 0917 + 624 on time scales <1 h (Quirrenbach et al 1989b) . 0716 + 714 and 0804 + 499 have repeatedly shown significant jumps at the sampling rate of 2 h. An example of a very fast change, which has been proven by independent observations from different telescopes, is shown in Figure 1. www.annualreviews.org/aronline Annual Reviews
The amplitudes of IDV are radio-frequency dependent. In the quasar 0917 + 624 the maximum variability amplitude occurs at 11 cm without significant time lags (Krichbaum et al 1992) . In contrast, the blazar 0716 ÷ 714 showed variability with similar amplitudes in the wavelength range 3.6-11 cm (Wegner 1994) in five observing epochs, with a significant time lag of 0.2 day in one epoch measured between 3.6 cm and 6 cm. The variability at the observed frequencies was obviously correlated.
IDV at mm frequencies has recently been found in PKS 0405-385 by .
Rapid radio polarization variability has been found in long-term monitoring programs by Aller et al (1981) . They reported swings in polarization angle BL Lac in the cm regime within a few days. Even more rapid changes of the polarized flux density--by about 15% within less than one day--at constant polarization angle were found in 0716 + 714 by Turlo et al (1985) at 6 cm. In the BL Lac object 0735 + 178, Gabuzda et al (1989) found a drop in the polarized flux density of the VLBI core by 40% within 24 h. Saikia & Salter (1988) provide a review of polarization variations.
Systematic investigations of polarization-IDV began in 1988 (Quirrenbach et al 1989a) . To date, the total number of sources observed is 24, with the majority of observations performed at 6 cm wavelength and a few additional campaigns at 2.8 and 11 cm (e.g. Wegner 1994 ). In general, the sources showing intraday variability of the total intensity also show variations of their polarized flux density and of polarization angle. The percentage change in the polarized intensity seems to be larger than in the total intensity. Generally, the polarization is below 5% with the exceptions of 0836 + 710 ('-9%) and 0954 + 658 (',~8%), whereas the best-observed sources 0716 + 714 (1-4%) and 0917 + 624 (1-2%) are weakly polarized.
During all epochs of observations between 1988 and 1993, 0716 ÷ 714 showed variations of its polarized flux density. In each case the variations of the polarization intensity were correlated with those of the total intensity at all wavelengths , Wegner 1994 . In contrast, the variations of the polarized intensity in 0917 + 624 were anticorrelated with those of the total intensity variability in four out of five cases. Once (in May 1989), both quantities showed correlated variations (Wegner 1994) . The variations of the polarization angle once showed a 180°-swing (Quirrenbach et al 1989a) at the time of minimal polarized intensity. Wegner (1994) claimed that the frequency dependence of the polarization angle X in the 2-10 cm regime is variable on time scales of the order of one day. This implies that dx/d~, is not due to Faraday rotation. He also finds that d~(/d~, changes sign during these oscillations.
BROAD-BAND PROPERTIES The close similarities between variations in different frequency bands imply very similar radiation mechanisms. Physical www.annualreviews.org/aronline Annual Reviews correlations are expected from most models of radiation mechanisms in blazars (see e.g. Bregman 1992, Marscher 1993, and references therein) .
Similarities between different radio bands on long time scales are well established and can be explained in the adiabatic shock model (see e.g. Hughes et al 1989) . Correlations with variations on shorter wavelengths have been incorporated successfully in these models by Bregman et al (1990 and references therein) . Rapid variations are closely correlated throughout the radio frequency range.
Bridging the IR gap, correlations between radio and optical variations have already been reported by Kinman & Conklin (1971) . Wagner et al (1990) found a statistical correlation of radio and optical IDV in simultaneous observations. In 1990, close radio-optical correlations were found in 0716 + 714 (Figure 3 ; Quirrenbach et al 1992 , Wagner et al 1995c . Due to the oscillatory nature of the variations, neither the lag nor the sign of the lag can be determined unambiguously. The simultaneous change between a fast mode and a slower one (Figure 3) suggests a short lag. The lag between optical and radio variations at any given frequency has, however, only limited physical meaning. Wagner et al (1995c) also find a close correlation between the optical variations and the changes of the radio spectral index 6 em t~3
.6 cm ( Figure 4 ). The direct correlation between optical flux and either of the radio bands shows that the correlation with radio spectral index cannot be explained by a superposition of one constant radio component and one that changes only in flux but not in spectral index. The spectral index variations are due to a component that either varies rapidly in optical depth or has a variable cut-off. The radio spectrum of 0716 + 714 is remarkably fiat out to 1 mm on average (Bloom et al 1994) . The variations in spectral index are confined to a small frequency band. IDV of the 6 cm flux is common in this object, but it is not always correlated with similar variability of the spectral index -6em If the spectral changes are due tg3.6 cm"
to variable optical depth, secular variations of the transparency may change the turnover frequency vt. This may imply that the lowest frequency that is still correlated with optical variations may be different in different campaigns and that correlations of optical flares with those at frequencies as low as 5 GHz may be rare. Sources with pronounced individual flares such as 0954 + 658 have also exhibited variations of radio spectral index (Wegner 1994) . Correlations with optical flares are indicated in short campaigns but could not be claimed unambiguously during longer runs of simultaneous observations .
Most blazars show simple combinations of pure power laws and contributions from a host galaxy throughout the optical/near-IR window (e.g. Falomo et al 1993) . It is therefore not surprising that variations at optical and near-IR frequencies are usually well correlated .
A similarly close correlation has been suggested in the optical-UV window in OJ 287 (Hanson & Coe 1985) and established for PKS 2155-304 (Edelson www.annualreviews.org/aronline Annual Reviews et al Urry et al 1993) . A close correlation between UV and X rays in this source was reported by Brinkmann et al (1994) . For a large fraction their multiwavelength-observing campaign the X-ray variations lead the UV by 2 hours. Additional deviations were seen at the very early and very late stages of the campaign (Figure 5) .
In high energy bands, correlations have mostly been studied on longer time scales, but Wagner et al (1995a) found a rapid simultaneous flare in PKS 1406-076 during optical and gamma-ray monitoring.
In addition to direct correlations of flux densities in different frequency bands, a statistical increase of the amplitude of optical variability with radio spectral index has also been found (Hall & Usher 1973 , Pollock et al 1974 . Kikuchi et al (1988) reported broad-band correlations of polarization variations. A close link of optical polarization to the unresolved radio core is also indicated by the identical polarization angles found in simultaneous optical and VLBI polarization measurements by Gabuzda & S itko (1994) .
Characteristics of Variability
TIME SCALES Blazars show dramatic variations on all time scales, but few objects have been studied well enough to determine the power density spectra or structure functions over more than two decades in time. The range covered www.annualreviews.org/aronline Annual Reviews is different in the various frequency ranges. In long-term radio studies IDV is usually at the extreme high (temporal) frequency end, whereas X-ray studies rarely provide structure functions on longer time scales. Exceptions are a few radio monitoring programs (e.g. Waltman et al 1991) and X-ray studies that combine data from different satellites.
At optical wavelengths IDV usually reaches a large fraction of the total historical range in brightness. The structure function levels off on scales longer than 0.1-0.5 years. In 0716 -t-714 IDV amounts to a few tens of percent of the total historical range in luminosity (over 10 years) in radio, optical, and X-ray studies. Many IDV sources reach a broad maximum in the power density spectra on scales of a few days. There is no statistical study on the wavelength dependence of the maxima of power density spectra.
The shortest well-resolved features have been discovered in the X-ray regime, and have time scales as short as 100 s. At optical frequencies variations as rapid as 1000 s have been reported. In the radio regime the shortest well-resolved variations have been of the order of a few 103 s (e.g. de Bruyn 1988) . all cases, the shortest variations have been either limited by the sampling time scale or by the amplitudes reaching the noise level (if a smooth extrapolation of the structure function to higher temporal variations applies). The apparent frequency dependence of the most rapid time scales is due to photon statistics and measurement accuracies.
It is not clear whether IDV is closely related to long-term variations. The close correlations with very small lags claimed in multifrequency studies argue against IDV being the high-frequency end of the same physical mechanism responsible for long-term variations. This may be investigated by searching for breaks in the structure functions. Although these are less sensitive to the particular observing windows than power-density spectra, they can give misleading results if the sampling rate depends on the brightness of the object (as is the case in many monitoring programs).
Strictly periodic variations also have been claimed. In OJ 287 periodicities of about 30 min were repeatedly reported in optical and radio measurements (e.g. Visvanathan & Elliot 1973) but not confirmed by Kiplinger (1974 ) Dreher et al (1986 . listed the periodicities found in 287. They range from about 360 s to 11.5 years. Hardly any study claiming a periodicity is sampled both well enough to resolve an individual event and long enough to cover several periods.
Intraday variability in 0917 + 624, 0716 + 714, and PKS 2155-304 has been found to be in the form of quasi-periodic oscillations, which are well resolved and occur at constant amplitudes for 5 to 8 cycles. These oscillations introduce clear maxima in the power density spectra but are not strictly periodic. It is possible, however, that fundamental periodicities are superposed by random variations or subject to secular changes.
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The amplitudes of IDV vary considerably. Extreme cases amount to 30% variations at 5 GHz, and factors of 2 at optical and X-ray wavelengths within hours and minutes, respectively.
Quasars of high absolute luminosity do not seem to show IDV as often as BL Lac objects. There is at present no strong indication that IDV happens preferentially during specific states of average intensity. Well-observed sources have shown periods with and without IDV both during phases of bright or faint average levels of flux.
Defining a duty cycle of variability as the fraction of time a source spends more than 3tr away from its weekly average, the rate of activity can be quantified. Statistical investigations of the IDV sources in the $5 sample in radio and optical domains yielded duty cycles varying from 1 in 0716 + 714, which is never constant, to 10 -3 in 0836 + 710. Lower duty cycles are possible but the coverage obtained by ongoing monitoring campaigns would not have detected the IDV of such sources.
FLARE SHAPES High duty cycles introduce considerable blending, which complicates the analysis of flare shapes. In a few cases individual outbursts are well separated and resolved and the shape can be studied unambiguously. Wagner et al (1993) found that in 0954 + 658 such individual optical flares have exponential rise and decay with equal e-folding times. In many other cases individual events are blended to the extent that the light curve resembles random variations around some mean brightness level. In all well-sampled cases, however, the distribution of deviations AI from a mean intensity (I) is skewed toward positive values, demonstrating that outbursts are more common than drops in intensity. This is true in the radio, optical, and X-ray regimes. The more symmetric distributions of steady comparison sources rule out noise biases. Clear, negative excursions have only been found in campaigns with insufficient sampling or total lengths of less than a few times the characteristic time scale. Wagner et al (1995c) show that in 0716 + 714 the distribution of AI/(I) is skewed in different bins of At, which indicates that the individual flares are asymmetric in time. This method can be applied in spite of the blending of different outbursts.
The characteristics oflDV exhibit a large variety in individual objects. Since few studies have been carried out in well-defined samples, it is unclear at present whether the different temporal and spectral characteristics are due to peculiarities of individual sources; whether they are correlated with e.g. jet speed or viewing angle; whether the whole variety may be due to secular variations (e.g. long-term changes of the duty cycle); or whether they merely reflect the different temporal extent, sampling rate, and accuracy of individual investigations. Furthermore, different processes (both intrinsic and extrinsic) may dominate in different sources.
www.annualreviews.org/aronline Annual Reviews SPECIFIC SOURCES Intraday variability has been discovered in more than 50 objects in the optical and radio regimes. From the above descriptions it is clear, however, that only a few sources have received adequate coverage in multifrequency studies. Statistical investigations do not yet allow us to judge whether these objects are really extraordinary in their characteristics or whether their prominence is a pure coincidence. Interestingly, 0716 + 714, which is one of the brightest BL Lac objects throughout the entireelectromagnetic spectrum, had hardly been studied until the late 1980s. While a number of objects have been observed in great detail in some parts of the electromagnetic spectrum (BL Lac, Mrk 421, 0954 + 658, 0917 + 624), three objects have an outstanding record of multifrequency coverage:
$5 0716 + 714 $5 0716 + 714 is the only blazar with IDV throughout the entire wavelength regime. It has a very compact VLBI structure and is a prototypical radio-selected BL Lac object. Rapid variations on time scales of a few hours have been observed at 5 GHz by Quirrenbach et al (1989b) . The object has a very high duty cycle of variability and provided the clearest case yet for correlated radio and optical variations . Its variability characteristics are discussed in detail in Wagner et al (1995c) . Takalo (1994) collected the various investigations of this prominent source, which was one of the first BL Lac objects to be studied extensively for variability properties. Because it is such a weak target for high-energy observations, variability studies of it concentrated mostly on frequencies lower than 1015 Hz.
OJ 287
PKS 2155-304
First detected as a radio source, PKS 2155-304 soon became the first BL Lac object to be identified on the basis of its strong X-ray emission, and is a prototypical X-ray dominated BL Lac object. Its low radio flux has not been investigated for IDV. Most studies have been carried out throughout the optical/UV/X-ray regime. A series of papers discuss a detailed multifrequency campaign organized in 1991: Urry et al (1993) , Brinkmann et al (1994) , Courvoisier et al (1995) , and Edelson et al (1995) .
EXTRINSIC EXPLANATIONS
Rapid variations require very extreme conditions within sources if the variations are indeed intrinsic. Alternatively, the variations may be caused by sourceextrinsic mechanisms. These may not only introduce variability or modify its pattern but also alter the spectral behavior. Both variable absorption along the line of sight as well as deflection of light may cause such variations. In the latter case the deflection may either be due to the gravitationally distorted metric or www.annualreviews.org/aronline Annual Reviews to refractive or diffractive effects of the galactic plasma along the line of sight. Motion of the source, the observer, or the medium causing the deflection leads to temporal variations of the flux density registered by the observer. Before embarking on a discussion of possible source-intrinsic explanations of the rapid variations, extrinsic causes have to be investigated. Variable absorbing screens have been discussed by Marscher (1979) . High-frequency radio variations cannot be explained by variable absorption. Likewise, the spectral characteristics discussed in the previous section would be inconsistent with variable absorption at optical or shorter wavelengths.
Discrimination against other propagation-induced origins of the variations are mostly based on the frequency dependence of these effects: While gravitational microlensing is achromatic, interstellar scintillation only affects observations at lower radio frequencies.
Interstellar Scintillation
Density inhomogeneities of electrons of the interstellar medium (ISM) on different spatial scales introduce diffractive and refractive scattering, resulting in angular broadening of compact sources and apparent variability (interstellar scintillation). The principles of interstellar scintillation (ISS) have been viewed recently by Rickett (1990) . Melrose (1994) reviews previous attempts to explain radio variability by scattering. The size of the Fresnel scale determines whether scattering is weak (with vanishing fluctuations in phase) strong. In the strong regime both diffractive (DISS) and refractive (RISS) interstellar scintillation may occur. Dramatic cases oflSS are the extreme scattering events discussed by Fiedler et al (1987) ; these events are most likely due to isolated, compact regions of enhanced electron density. Shapirovskaya (1978) pointed out that low-frequency variables lie preferentially behind largescale galactic features, and suggested that their behavior could be explained by strong (refractive) scattering. Specific searches for DISS produced negative results (Condon & Dennison 1978 , Dennison & Condon 1981 , and references therein).
Signatures for RISS may come from the statistical occurrence of variability, which should be related to the distribution of scattering matter as well as to the spectral shape. Interstellar scintillation has a significant frequency dependence. The scaling depends on the spectrum of fluctuations in the refracting ISM and follows a v -2'2 decrease for a Kolmogorov spectrum of the correlation scale. Testing the hypothesis that radio variations are due to interstellar scattering is therefore most easily done by studying the frequency dependence down to very short wavelengths.
Following the first reports of flickering by Heeschen (1984) , dedicated searches toward low galactic latitude (e.g. Dennison et al 1987) were carried out. Heeschen & Rickett (1987) confirmed that flickering is correlated with galactic latitude.
www.annualreviews.org/aronline Annual Reviews Several sets of observations of rapid variability were modeled in terms of RISS. At least in the case of 0954 + 658, RISS in the form of extreme scattering events (At ,~ 5.d) is undoubtedly present (Fiedler et a11987) . Wambsganss et (1989) were able to reproduce the observed time scales at 6 cm and 11 cm normal IDV in a numerical simulation within the single-screen approximation of B landford & Narayan (1992) . S imonetti (1991 ) reproduced rapid swings ¯.t he polanzatl0n angle of 0917 + 624 by assuming a two-component structure with different, polarization properties. These approaches considered isolated, highly refractive structures. Rickett et al (1995) emphasize that at centimeter frequencies the distinction between diffractive and refractive scattering vanishes and discuss a detailed model of the variations of 0917 + 624 by "normal" RISS due to turbulence. They have been successful in fitting the frequency dependence of 0917 ÷ 624 during a short campaign with a two-component model.
A number of problems with ,the hypothesis of interstellar scintillation remain: Simonetti et al (1985) confirmed the existence of flickering on time scales a few days in many compact sources but conclude that the intensity ratios at 1.4 and 2.4 GHz cannot be fitted by simple models of refractive or diffractive scintillation. The model of Rickett et al (1995) does not fit the amplitude the polarization variations, without invoking several independent components. Likewise, the correlation of total and polarized fiux seen in 0716 + 714 cannot be reproduced. 0917 ÷ 624 showed different frequency dependencies during different campaigns and a change of sign of d x/d)~, which cannot be explained by a two-component model.
In general, detailed predictions of interstellar scattering have been unable to reproduce the observed characteristics. This implies that our understanding of the interstellar medium is still rather poor (Spangler et al 1993) .
Problems occur in the case of variations at higher frequencies. Certainly, IDV in the mm regime ) cannot be caused by RISS. The most convincing argument to exclude RISS as the dominant mechanism for the variations is the intimate correlation between the radio and optical bands. Refractive interstellar scattering cannot produce any variations at optical wavelengths. The close correlation and identical power spectra at optical and radio frequencies would require a source that varied intrinsically at 1014 Hz with a preferred time scale, while at the same time being subject to RISS-induced variability at radio frequencies, such that the latter had the same power spectrum as seen in the optical regime (Wagner & Witzel 1992) . Whereas cross-correlations may yield accidental similarities if IDV were a common property without very source-specific characteristics, the very fine-tuned correlations found in wellresolved studies are unlikely to be a coincidence. Although the correlation is hampered by the quasi-periodic nature of the variations, the case against scintillation-induced variations is strongest in 0716 + 714, which shows a www.annualreviews.org/aronline Annual Reviews correlation between radio spectral index and optical brightness (Figures 3 and  4 ; Wagner et al 1995c) .
If the variations even at 10 GHz were due to RISS, the angular broadening of the interstellar scattering would limit the spatial resolution achievable with space VLBI at these frequencies. Nevertheless, RISS-induced variations are undoubtedly present in the IDV source 0954 ÷ 658 . Any source of the high degree of compactness implied by the rapid intrinsic variability is bound to be subject to RISS-induced variability as well. If the source is sufficiently compact, it is expected to be susceptible to diffractive scattering, which has not been observed so far. However, a statistical analysis of other fiatspectrum sources exhibits clear indications for a minor contribution of IDV, as described by .
The strong case for close correlations between radio and optical variations in at least one source rules out the possibility that all of the rapid radio variations are due to interstellar scattering. Separating them from other variations is a major problem and can only be tackled by campaigns that are well sampled in time and frequency coverage. Further searches for DISS and rigid constraints on the properties of the ionized interstellar medium are required. Chang & Refsdal (1979) suggested that gravitational lensing of distant quasars would not only be caused by the deflection of light by the potential of intervening galaxies, but may also be caused by the fine-scale structure of the potential well, i.e. from individual stars within galaxies that are sufficiently close to the line of sight. Relative motion of source, lens, or observer will result in variations of the amplification factor of gravitational lensing, and hence cause variability. Nottale (1986) and Schneider & Weiss (1987) had suggested that BL Lac objects may actually be nonvariable background quasars, whose continua are amplified by gravitational lensing. This increases the continuum flux; microlensing then introduces variations (see also Barnothy 1965) . The stronger enhancement of the continuum with respect to the line emission of the quasar (caused by the much smaller size of the continuum-emitting region) would also explain the small equivalent line widths of BL Lac objects. The state of theoretical understanding and empirical evidence is illustrated by various contributions in Surdej at al (1993) . Since the effects of microlensing are achromatic, it tempting to investigate whether the variations occurring throughout a wide span in frequency could be caused by microlensing. Wagner (1992a) has argued that the intraday variations of sources such 0716 ÷ 714 are unlikely to be caused by microlensing for several reasons:
MicroIensing
1. The variability has a very high duty cycle. Many IDV sources are almost always active. Lensing can only introduce permanent variations in the optically thick case. In optically thick gravitational lenses the combined www.annualreviews.org/aronline Annual Reviews potential of the microlensing stars is so large that it must cause macrolensing. Optically thick lensing can hence only occur in objects that have multiple macroimages. This has not been observed in any IDV source.
2. The variations are too fast to be caused by stars moving in front of a small, steady continuum source. In the microlensing theory the observed time scales are related to the relative transverse velocity and the lens mass by A t = v-ltrans (MIMe3)°' 5 5 × 1016 cm.
3. In order to explain the observed variability on the very short time scales (At < 1 d), the required velocities V~ans are relativistic if the lenses have M > 0.01Mo. Such velocities are only possible in the source-plane where relativistic motions have been found (Gopal-Krishna & Subramanian 1991). However, the required multiple ejection of superluminal knots within the source implies intrinsic variations, which reduce the potential role of microlensing to an amplification of intrinsic events (see also Schramm et al 1993) .
4. Other information--such as the absence of obvious lensing foreground galaxies; the statistical asymmetry of light curves; the particular shape of individual, unblended events; and lags between different bands comparable to the intrinsic widths of flares--cannot be reconciled with the microlensing scenario. While none of them is conclusive alone, the overall indications argue against microlensing playing a major role in IDV.
Given the high rate of occurrence of rapid variations in blazars, it is obvious that any discrimination between intrinsic and lensing-induced effects will be very difficult. Whatever mechanism causes IDV, its power density spectrum is likely to extend to lower temporal frequencies where microlensing could become important. Note that most of the sources reported as candidates for microlensing have shown intraday variations. Due to the compact source structure, microlensing may also occur in IDV sources, but such objects are not the ideal targets to search for this effect.
If microlensing by objects of substellar masses dominates in a particular case, simultaneous multifrequency observations would also be a useful way to study quasar structure at very high spatial resolution. Rauch & Blandford (1991) and Wambsganss & Paczyfiski (1991) have demonstrated the potential diagnostics of multifrequency observations in such cases.
Several rapidly variable sources have been suggested as candidates for various propagation-induced variations. PKS 0537-441, claimed to be a source with extreme brightness temperatures (1021 K), has been discussed in terms of interstellar scattering by Romero et al (1994) and in terms of gravitational lensing by Stickel et al (1988) . However, the lensing hypothesis has been questioned by Narayan & Schneider (1990) and Falomo et al (1992) . This compact www.annualreviews.org/aronline Annual Reviews southern blazar exhibits all the characteristics of intrinsic variations and has been known to be rapidly variable at optical frequencies for over 20 years (Eggen 1973) . It is an IDV source at mm and optical wavelengths (Heidt Wagner 1995) and variable in the X-ray regime . Thompson et al (1993) report high gamma-ray flux densities. Neither interstellar scattering nor microlensing can cause all of these characteristics. Intrinsic variability implies very compact source structures, which would increase the amplitudes of additional contributions by extrinsic mechanisms.
INTRINSIC VARIABILITY"
If the variations are intrinsic to the source, changes in observed flux correspond to significant changes in luminosity. For a typical fiat-spectrum IDV radio source of a quiescent luminosity of 1046.5 erg/s, a factor 2 flare lasting for 24 h requires a total energy of 1051 erg (assuming isotropic emission). The variations have slightly different amplitudes in different wavelength regimes but correspond to the broad-band energy distributions of the average state within less than an order of magnitude (see Figure 6) .
The changes in intensity may be compared with the brightness temperatures Tb derived in the radio regime, which are up to 1021 K in the case of the flares of 0537-441 reported by Romero et al (1994) www.annualreviews.org/aronline Annual Reviews on time scales of hours at a few GHz (de Bruyn 1988 , and 1017 K in the oscillatory variations of the IDV object 0917 ÷ 624 and other northern fiat-spectrum radio sources (Quirrenbach et al 1989a . Variations in the mm regime on scales of weeks implied brightness temperatures up to 1014 K (Ter~ranta & Valtaoja 1994) , comparable to limits from low-frequency variables (Singal & Gopal-Krishna 1985) . Space VLBI experiments have been used to infer T0 as high as 3 x 1012 K (Linfield et al 1990) . All of these are much in excess of the brightness temperatures inferred from the fast optical variations, which are of the order of 10 a K.
Since short time scales imply small emitting volumes, it has often been assumed that the flares arise from the central region. An obvious site would be the accretion disk postulated in the standard AGN model. Thermal disk models fail to explain the close similarities of the variations seen in the optical, UV, and X-ray regimes, as demonstrated in the case of PKS 2155-304 , Edelson et al 1995 . Models based on spots, flares, or disturbances in accretion disks have been suggested by Abramowicz et al (1991) , Mangalam & Wiita (1993) , and Chakrabarti & Wiita (1993) . Details of those models have been reviewed by Wiita (1994) . The accretion disk models are able explain some of the phenomena seen in the optical to X-ray range but cannot explain radio intraday variablility. The X-ray spectral variability and the convex spectral shape in the X-ray regime strongly support the hypothesis that the Xray emission up to a few keV is dominated by synchrotron emission and hence likely to vary with synchrotron flux at lower frequencies in a coherent manner. The close correlations call for a model that explains the broad-band variations. Radio IDV introduces the strongest constraints to such an explanation. The high brightness temperatures inferred from the small diameters violate the Compton limit of 1012 K of incoherent synchrotron emission (Kellermann & Pauliny-Toth 1969) by a large amount. Following the original suggestion of Rees (1966 ) Woltjer (1966 that relativistic beaming introduces anisotropic emission, one can derive a minimum Doppler factor 73 = [1" (1 -fl cos0)] -1 (with Lorentz factor 1~) that would be required to reduce the observed brightness temperatures by ~)-3.
Relativistic beaming is suggested in these sources also on other grounds. Flat-spectrum radio sources often show superluminal motion, implying Doppler factors as high as 20. The X-ray luminosities are lower than predicted from Compton scattering in isotropic sources , Ghisellini et al 1993 . X-ray variability has occasionally been found with AL/At values in excess of the Eddington limit (Fabian 1979) . Gamma-ray fluxes are too high to be compatible with ), y pair absorption, if they were emitted isotropically (Jelley 1966 , McBreen 1979 . In these cases, moderate Doppler beaming (79 20) can explain the observations. This would confirm the upper limit on the Doppler factors suggested from several considerations discussed by Phinney www.annualreviews.org/aronline Annual Reviews (1987) . Radio IDV, however, would require Doppler boosting up to 79 = 200 to explain Tb = 1019 K. The high Doppler factors derived above suggest that the plasma emitting the variable flux flows with relativistic speeds in the synchrotron jet. Correlations between structural variability within the jet (i.e. the emission of new knots) and flux-density variations have been suggested by Babadzhanyants & Belokon (1986) in 3C 345 and were later found in other sources as well by Mutel et (1990) and Krichbaum et al (1990) . A close link of intensity variations radio structure is also suggested by the similarities between polarization characteristics found in VLBI studies and preferred polarization angles of monitoring observations. Establishing correlations between variability in flux and radio structure in IDV sources will be difficult, but may be possible if the duty cycle is low enough to separate knots related to separate outbursts. The closest jet in M87 has been resolved on scales of a few lightweeks. The structure seen there is compact enough to vary coherently within a month.
Shocks in Jets
In-situ acceleration within jets is required to explain the existence of highly relativistic particles at radii where the light travel time from the nucleus is orders of magnitude larger than the radiative lifetime of the particles. This provides strong constraints especially for fast simultaneous optical/X-ray variations. The absence of strong spectral evolution in the X-ray regime, where the radiative lifetimes are shorter than a second, implies continuous in-situ acceleration (Celotti et al 1991) .
The most common suggestion involves acceleration in shock fronts (Blandford & K6nigl 1979) . This model has been worked out in further detail by Jones and coworkers (1988 and references therein), Marscher (1980) , Marscher & Gear (1985) , and Melia & Kt~nigl (1989) . Shocks in turbulent will lead to variations of the local emissivity and produce outbursts. Due to compression of magnetic fields in the shocks, these variations will also lead to variations in polarization and polarization angle, as discussed by Hughes et al (1985) and K6nigl & Choudhuri (1985) . These models have been used explain the simultaneous swing in radio and optical polarization by Kikuchi et al (1988) . Rosen (1990) modeled the variations caused by an axisymmetric shock intersecting a helical filament within the jet to explain slow variations. Thin shocks can lead to a very rapid rise. The frequency-dependent duration of the flare corresponds to the energy-dependent cooling length behind the shock front. As illustrated e.g. by Marscher (1992) , the flare will rise at high frequencies and then subsequently move to lower frequencies before decreasing again. Valtaoja (1991) has remarked that the turnover frequencies at which the flares reach maximum development vary over more than a factor of 100. He distinguishes high-peaking flares and low-peaking flares, depending on the observing frequency and the underlying source spectrum.
www.annualreviews.org/aronline Annual Reviews These shock-in-jet models suffer from a number of problems in explaining IDV. It is not clear whether thin, planar shocks can actually travel for a significant length within a turbulent, highly relativistic flow. Turbulence is suggested to explain the high duty cycle of some of the objects, but cannot be reconciled with the self-similarity of flares observed e.g. in 0954 + 658 . Interference may lead to spurious periodicities for a few cycles, but cannot explain the oscillations seen in 0917 + 624 and 0716 + 714. Neither the time scales nor the frequency dependence of the radio variations can be explained. This is especially a problem for close correlation of the optical and radio variations, which are hard to reconcile with the expected difference in cooling length behind the shock front. As pointed out by Wagner et al (1995c) , the identical width of the autocorrelation functions from radio and optical light curves implies a similar spatial extent of the optical-and radioemitting volumes.
This discrepancy could be resolved in several ways: If the short time scales are due to light-echo or lighthouse effects, the emitting volumes are larger and the brightness temperatures are lower than deduced from observations. If geometry does not play an important role, the constraints on the Doppler factor could be relaxed if the observed radiation is coherent, thus avoiding the Compton limit of 1012 K. If the emission is indeed due to incoherent radiation, then those parts of the jets causing the rapid variations may be Poynting-flux dominated. This would avoid the Compton drag and could explain larger Doppler factors.
Modifications due to Geometry
Geometrical effects may introduce variations or alter amplitudes, time scales, and flares considerably. Wagner (1991) pointed out that the symmetric shapes of flares in 0954 + 658 indicate a geometrical modulation. The outbursts are self-similar with exponential slopes of constant e-folding time . It is important to understand the accidental (geometric) modulations separate them from physical mechanisms. The simplest geometry-induced variations are light-echo effects as suggested e.g. by Lynden-Bell (1977) . These lead to phase velocities larger than the speed of light and large underestimates of the dimensions of the illuminated emitter. Light-echo effects in the context of shock-in-jet models have been suggested by Qian et al (1991) to describe the rapid variations in 0917 + 624. Marscher (1992) discusses the variations due to pattern speeds in general and illustrates the severe constraints imposed by the suggestions of Qian et al, which require an extraordinary focusing and a very special geometrical configuration. Since IDV with comparable brightness temperatures is common in fiat-spectrum radio sources, a more general model is required. Camenzind (1991) argues that shocks are unlikely to travel along the jet axis. Camenzind (1992) and Camenzind & Krockenberger (1992) contend www.annualreviews.org/aronline Annual Reviews knots of enhanced particle density are injected at a finite jet radius. There, every volume element of plasma has finite angular momentum and moves on a helical trajectory due to the superposition of the outflow and a circular motion. In knots moving relativistically on helical trajectories, the direction of forward beaming varies with time. For an observer close to the jet axis the beam sweeps across the line of sight, introducing flares due to the lighthouse effect as in pulsars. This will lead to quasi-periodic variations of a few oscillations, and may cause complex light curves if the contributions of several knots are superposed. A similar effect results from the purely geometric model of GopalKrishna & Wiita (1992) . VLBI observations of curved trajectories of individual knots, sometimes accompanied by changes in angular velocity, are interpreted as an indication that the plasma is indeed moving on three-dimensional helical trajectories (e.g. Krichbaum et al 1993). Schramm et al (1993) and Wagner et al (1995b) used these mod.els to explain long-term variations of 3C 345 and PKS 0420-014. It is unclear whether the quasi-periodic oscillations of IDV can also be explained by this model. In particular, it is unclear whether the assumed constant acceleration can be provided.
Radiation Mechanisms
In the early 1970s it was demonstrated that the characteristics of radio-loud quasars could be explained by incoherent synchrotron emission , Burbidge et al 1974 . Relativistic (anisotropic) induced Compton scattering (Sincell & Krolik 1994 , Coppi et al 1993 and additional refinements (Ghisellini et al 1993) have now been included into the working model (e.g. Hughes 1991 ). Coherent emission from plasma oscillations (Ginzburg Ozernoy 1965) is not limited to brightness temperatures of 1012 K and has been suggested as an alternative radiation process (Baker et al 1988 , Benford 1992 , Lesch & Pohl 1992 . Melrose (1991) reviews collective plasma radiation processes; application to IDV is also discussed in Melrose (1994) . Other alternative radiation processes have been discussed by Cocke et al (1978) , who studied incoherent synchrotron emission in the small-pitch-angle approximation and ripple radiation. Coherent curvature radiation has been investigated by Cocke & Pacholczyk (1975) and Colgate & Petschek (1978 and references therein) . Some of the early problems, such as strong (unobserved) circular polarization could be solved (see Benford 1992) , but induced Compton scattering may prevent coherent radiation from escaping (Rees 1992 , Coppi et al 1993 . Slysh (1992) suggested that high brighmess temperatures may occur during flares from monoenergetic electrons, but his model neg!ects Compton scattering (see Ghisellini et al 1993) . Constraints on the radiation mechanisms are given by the broad-band nature of IDV. The smooth variation of the broad-band polarization from centimeter wavelengths to the optical regime indicates that the entire spectrum of flatspectrum radio sources is due to one single radiation mechanism (Rudnick et al www.annualreviews.org/aronline Annual Reviews 1978, Bregman 1992) . Correlated IDV as seen in simultaneous radio/optical and optical/gamma-ray campaigns indicates that the variable contributions are as broad-band as the average energy distributions.
Since it is unclear whether intraday variability is related at all to the very fast flares (time scales less than hours) or to long-term variations, the radiation mechanisms responsible for the different phenomena need not be the same. The fastest variations on time scales of a few minutes up to an hour have lower amplitudes than the oscillatory IDV. Brightness temperatures derived from the fast changes do not exceed those of the IDV. Nevertheless, such variations point toward significant changes of emissivity within volumes of a few AU. Such rapid flares may be directly linked to the injection and acceleration processes. In 0716 + 714 fast flares have been seen in all frequency bands, but these have not been studied in simultaneous campaigns. If fast optical flares are counterparts to the rapid X-ray flickering, it is unclear whether they can be used to constrain accreting black hole models on the basis of time scale vs luminosity relationships (Elliot & Shapiro 1974 , Fabian 1979 .
Variations on long time scales (months) show delayed correlations between optical and radio bands (Hufnagel & Bregman 1992 , Bregman 1992 and references therein). The low-frequency emission lags the optical changes by several months. In BL Lac and OJ 287 radio-optical correlations have been claimed with short (IDV) and long lags. Deriving lags on time scales of months rapidly variable sources is, however, not unambiguous. Both correlations may be operating in a jet that is either decelerating outwards or bending away from the line of sight. Correlated variations on different time scales would be due to volumes at different distances along the jet.
Compact Jets
The close correlation between the structure of the M87 jet in the optical and radio regimes on scales of 20 to 100 pc (Sparks et al 1994) would correspond to similarities in the variations on scales of a few years if this jet were fast enough and seen under an angle corresponding to a Doppler factor of 20. If the similarities still exist on smaller scales (Junor & Biretta 1994) in faster jets, they could correspond to correlations on IDV time scales.
In decelerating jets very high Doppler factors may occur close to the nucleus provided that they are Poynting-flux dominated. Begelman et al (1994) explain the high brightness temperatures by refinements of the general relativistic jet model and find that Doppler factors as high as 79 ,~ 100 may be possible. The jets need to be very inefficient synchrotron emitters, carrying large amounts of kinetic energy and Poynting flux, and would require hydromagnetic acceleration. This model fits the spectral index variations seen in 0716 + 714 qualitatively and predicts specific polarization properties, which have not been tested so far. They also predict large gammaray fluxes from Compton scattering of ambient radiation (Sikora etal 1994) .
Problems with this scenario include the upper limit of the brightness temperature (1017 K), which is violated by the most rapid flares at 5 GHz by 0804 + 499 and the observed correlations of optical/gamma-ray variations (Figure 2 ).
CONCLUSIONS AND PROSPECTS
Intraday variability is a common phenomenon in blazars and has been detected in different sources in all frequency bands from 1 GHz up to energies of 1 GeV. This implies that a significant fraction of the total luminosity is emitted from within a volume that is much smaller than 200 AU or 0.1 mas. IDV may be influenced by extrinsic mechanisms, which are achromatic (microlensing), have a steep frequency dependence (interstellar scattering). The small diameters implied from the variability time scales indicate that some contribution to variability from extrinsic mechanisms is very likely---especially at low frequencies. At least one IDV source (0954 + 658) has varied on time scales weeks due to an extreme scattering event. However, the correlations between optical and radio bands imply that intraday variability in general cannot be due to extrinsic mechanisms, A class of very compact sources exists, which shows correlated, intrinsic IDV throughout the entire spectrum (e.g. 0716 + 714). Although the optical depth approaches unity in the GHz regime, IDV is still recorded. The resulting correlation of spectral index with flux in the optically thin range underlines the intrinsic interpretation. It also shows that the close correlation between the 6 cm and the optical data depends sensibly on the actual photosphere and cannot be expected to be seen in every campaign. Quirrenbach et al (1989b) had noted that the relationship of variations between 11 cm and 6 cm differs in campaigns separated by a few months.
The physical mechanisms responsible for intrinsic IDV are not yet known. High Doppler factors and a very special geometric situation are probably required to explain brightness temperatures up to 1019 K, but realistic treatment of the radiative processes is also important. The most rapid variations may be directly caused by acceleration mechanisms of the radiating particles. The radiation and reprocessing mechanisms are nonstationary. The relationship to rapid variations in the gamma-ray regime is of particular importance.
To clarify the low-frequency limit where intrinsic IDV is dominated by variations due to interstellar scattering, long and well-sampled multifrequency campaigns throughout the optical, (sub)mm, and cm regimes are required. Insight into the physical processes is expected particularly from broad-band monitoring throughout the optically thin part of the entire wavelength range. This requires concerted efforts with spacecraft and provides unique opportunities to study quasar structure at high resolution, In some cases intensity variability will probe much smaller spatial scales than structural variability studied with www.annualreviews.org/aronline Annual Reviews VLBI, as is illustrated by the close link between optical and radio morphology in the M87 jet on larger scales.
Intraday variability studies also have implications for unification scenarios, Quasars and BL Lac objects both show IDV, but with different duty cycles. Radio-loud AGN exhibit IDV, while radio-weak ones do not show this behavior (~vith the exception of a few Seyfert galaxies, but these are most likely due to another mechanism). Classical BL Lac objects and X-ray selected BL Lac sources have similar X-ray variability properties (Giommi et al 1990) but differ in the optical band (Heidt 1993) .
Irrespective of the detailed mechanism, intr~day variability in quasars and BL Lac objects provides an important tool for studying variations on very small spatial scales. There is currently no other means at hand to achieve similar resolution, so increasing our reliance on this tool depends solely on improving our understanding of the phenomena involved. Intraday variability does not only enable studies at high resolution: The photon densities, spectral energy distributions, and polarization properties of flares are very similar to the characteristics of the average state of emission from blazars and hence provide clues for a deeper understanding of the radiation processes in these extreme incarnations of active galactic nuclei.
